The use of physical techniques such as scanning electron microscopy and microprobe analysis permits the analysis of valuable details of the structure of dried samples of mid-cycle cervical mucus during the period of maximum ferning. From a crystallographic point of view, particular attention was paid to the location, morphology and chemical composition of anisotropic organic sulphate microstructures. As distinct from the isotropic sodium chloride pattern described by Papanicolaou, these appear in a narrow period of time corresponding to the middle of the period of maximum ferning. Anisotropic microstructures were revealed to be tiny isolated crystals or polycrystalline aggregates composed of double salts of potassium and sodium. The potassium/sodium cation ratio, equal to 3/1, was constant in the best specimens. Using a simple polarizing microscope, the detection of anisotropic microstructures may be useful to determine the period of maximum fertility more accurately. In addition, experiments have been carried out in order to determine the relative importance of sulphate anisotropic structures as compared with the whole crystallized surface and to investigate precisely their transience after they appear.
Introduction
The secretion that fills the lumen of the cervical canal is a mucoid structure through which spermatozoa must travel to reach the site of fertilization. For most of the menstrual cycle, air-dried samples of cervical mucus do not exhibit any peculiar crystallized pattern. During the peri-ovulatory period, however, dendritic formations with a classical fern leaf appearance appear upon air drying (Papanicolaou, 1946) . Closely correlated to the period of easy penetration by spermatozoa, maximum ferning is accompanied by an increase in water content, increased concentration of certain electrolytes and alteration in the relative quantity of proteins (Kopito et al., 1973) . Other compounds, including carbohydrates, are also known for their cycle dependency (Van der Linden et al., 1992) Ovulatory cervical mucus is a nearly ideal physiological medium, permitting spermatozoa to survive, move and ascend the cervical canal under the best metabolic conditions. This peculiarity entails a very precise equilibrium between the various ions and salts present in solution within the aqueous phase of the mucus hydrogel. Maintaining such an equilibrium is an imperative constraint, since the least alteration in the ionic balance may interfere with normal sperm physiology or modify the specific macromolecular arrangement of the solid phase of the cervical hydrogel during the mid-cycle period (Chrétien, 1975) .
Normal sperm metabolism and ascent within the uterine cervix requires an appropriate ionic balance. In order to detect easily any possible ionic anomalies capable of rendering cervical mucus hostile to spermatozoa, it is desirable to establish a reliable crystallographic spectrum typical of mid-cycle physiological conditions. Consequently, some years ago, we developed a new approach to investigating the fern-like structures in dried ovulatory cervical mucus using polarizing microscopy and current crystallographic techniques (Chrétien and Berthou, 1989) . These techniques revealed that ferning was more complex both in nature and in structure than appreciated previously and permitted the description of very transient anisotropic microstructures in addition to classical dendritic formations. Scanning electron microscopy (SEM) permitted the more accurate definition of the forms and dimensions of these structures and the demonstration of their crystalline nature ( Chrétien and Berthou, 1991) . More recently, SEM and accelerated microcinematography have permitted the precise determination of the classical conditions of crystal nucleation and growth and have established that their particular feature is the consequence of medium heterogeneity and evaporation conditions (Berthou and Chrétien, 1992) .
The present study was mainly undertaken in order to investigate further these anisotropic sulphate structures using SEM and microprobe analysis. However, we also wished to obtain further insight into some important characteristics of dried ovulatory mucus, such as relative surfaces covered by isotropic and anisotropic formations and the fugacity of anisotropy after dehydration. We hoped to establish the use of a reliable marker specific to cervical mucus that was propitious to spermatozoa, in order to render the ferning test more accurate and to extend its scope of application.
Clinical interest
The ability of human cervical mucus to form dendritic arborizations after drying (Papanicolaou, 1946) is neither a permanent nor a homogeneous phenomenon but exhibits variable intensity throughout the menstrual cycle according to the physiological status. It becomes increasingly marked as ovulation approaches and then disappears progressively during the luteal phase. Fully developed dendrites with a classical fern leaf appearance are specific of the mid-cycle period.
The formation of fern-like structures bears a close relationship to spinbarkeit. It is clearly dependent on oestrogenic action and, therefore, also is related to good hormonal function during the ovulatory period. Moreover, the maximum extent of the ferning phenomenon reflects maximum sperm receptivity.
For all these reasons, observing dried ovulatory mucus under a conventional microscope is a routine medical test in cases of female subfertility. Actually, such a test is considered as permitting the rapid and cheap verification of the ability of cervical mucus to play its physiological roles with regard to spermatozoa at mid-cycle.
However, attempts at quantifying the ferning test (Kesseru, 1972) remain somewhat controversial. Moreover, monitoring routinely the fertile period to establish ovulation dates on the basis of dendritic NaCl crystals observed by scanning electron microscopy only (Zaneweld et al., 1977) appears to be exceptionally hazardous since NaCl exhibits a frequent tendency to form insignificant and non-specific complexes with great individual variations.
In spite of the universal utilization of the ferning test for clinical purposes, very little has therefore been added to our understanding of the crystallographic pattern of dried mucus around the time of ovulation.
Our investigation was undertaken primarily to perform fundamental research on human cervical mucus. However, we also had the intention of obtaining routine clinical identification of structures within dried ovulatory cervical mucus more specific than NaCl by simply observing dehydrated samples under a polarizing microscope and hence pinpointing changes in ferning patterns accurately.
Actually, the period of maximum anisotropy during which double sulphate salts show maximum intensity and are therefore easily detectable is significantly shorter (14th to 16th day) than the period of maximum ferning (11th to 19th day) (Figure 1 ). Since double sulphates exhibit maximum intensity only for a short period of time, during which cervical mucus exhibits physicochemical properties ideal for sperm penetration, that phenomenon may be presumed to reflect the new temporary salt balance required to assist spermatozoa.
We hoped to render the investigation of possible clinical correlations and aetiological factors easier by simply observing dehydrated mucus samples under a polarizing microscope.
Materials and methods
Ovulatory cervical mucus was recovered from the endocervix between the 13th and 15th day of normal menstrual cycles from 42 healthy women using no vaginal washing or douching. Their ages ranged from 19 to 44 years, with a parity of 1±3. The day of sampling was determined from daily recordings of basal body temperature.
The collecting technique as well as the dehydration procedure of mucus samples have been described previously (Chrétien and Berthou, 1989) . In order to ascertain whether the physical parameters of the mucus samples fully conformed to those specific of the ovulatory period, each specimen was checked as follows: (i) The day of sampling was correlated with the menstrual cycle by recording the dates of the preceding and subsequent periods. (ii) The pH value was roughly estimated by means of pH paper immediately after sampling. (iii) Spinbarkeit was measured using an automatic SEFAM spinability meter derived from an experimental device (Chrétien et al., 1977) .
Other biological and physical parameters, such as the diameter of the external cervical os, the volume and clarity of the cervical secretion and the ferning pattern were also taken into account. The complete set of mucus specimens used in this study were fully compatible with these seven criteria and had the known physiological data specific for the normal mid-cycle period. In order to ascertain that such a pluriparametric cycle monitoring did not bias the expected outcome, we asked four women to provide cervical mucus for another two consecutive cycles. During these cycles, the luteinizing hormone (LH) peak was determined qualitatively in urine by means of an immunological technique based on solid-phase migration (Bluetest Ovulation; Laboratoires Quidel, Rosny sous Bois, France). Mucus samples were obtained at the outset of the LH surge and during the two following days.
After ferning tests had been performed directly on special neutral coverslips (5 × 2.5 cm) used for microprobe techniques, dried specimens were examined under light and polarizing microscopes and two photographs were taken in order to locate anisotropic areas precisely. The intensity of anisotropy was roughly graded according to the following scale: 1, weak; 2, intermediate; 3, extensive. Only those samples graded 2 and 3 (11 out of 15 in the latter case) were selected for this study. Then, dried specimens were prepared for qualitative and quantitative analysis using an electron microprobe.
Experimental crystallizations
A total of 15 mid-cycle mucus samples obtained from 15 different women were sufficiently plentiful to permit dual analysis. In addition to microprobe analysis, an aliquot of each sample was used to investigate the ephemeral nature of the phenomenon of anisotropy. The 15 different aliquots were crystallized five times successively. For that purpose, 40 µl of deionized water was added by means of a Pedersen's micropipette to 13 samples, the others receiving a double volume of water. Whatever the volume, the diameter of the water droplet was approximated to the previous diameter of the dried preparation by means of a thin needle, which was also used to stir up and dissolve dried materials. Ovulatory mucus samples were allowed to dry at room temperature for a week in Petri dishes. At the time of sampling, the mucus spinbarkeit was measured automatically on a small volume (25 µl) and the pH was roughly estimated. Each crystallized or recrystallized sample was checked according to the following physical and crystallographical criteria: (i) weight of wet or desiccated sample, (ii) percentages of free water and dried materials, (iii) isotropic and anisotropic surfaces.
Respective isotropic and anisotropic surfaces were estimated by means of the method of comparative weighings. For that purpose, two photographic enlargements (18 × 23) were obtained by means of light and polarizing microscopes. Surfaces corresponding either to isotropic parts of the dendrites or to anisotropic structures were cut up very precisely under a binocular microscope by means of a sharp microscalpel. The known thickness of photographic paper was used for calibration, enabling an approximation to be made of the respective surfaces of both isotropic and anisotropic structures.
Microprobe analysis
In order to localize interesting structures, selected samples were observed under a polarizing microscope after dehydration at room temperature and then carbon coated. Owing to the extreme fragility of the slender protein matrix in which the dried material was embedded, a double coating was found to be necessary.
The equipment used was a four-channel Camebax Microbeam (CAMPARIS, University Pierre et Marie Curie, Paris, France) with an energy system (E.D.S. ORTEC). The smallness and scarcity of the elements to be analysed made it necessary to locate them on the plate. For that purpose, the x and y co-ordinates of each tiny region to be explored were determined before the plates were placed under the microprobe. All analyses were performed at 15 kV with a sample current of 5 nA. To minimize alkali loss during analysis, the spot size was 20 µm. Scapolite, barytine, albite, anorthite and orthose glasses were used as standards for Cl, S, Na, Ca and K respectively.
Results
According to the data obtained from successive weighings of wet and crystallized samples, ovulatory cervical mucus consists of ~98.2% water and 1.8% protein or saline components that are present in solution or suspension.
The mean spinbarkeit value of the whole mucus specimens used in this study was 103 mm for a small volume of 25 µl. The mean pH value was 7.2.
Assessment of ferning patterns
Previously, the relative surfaces covered by both isotropic dendrites and anisotropic crystalline microstructures in dried ovulatory cervical mucus had been roughly estimated by eye to be 95 and 5% respectively (Chrétien and Berthou, 1989) . Data obtained in this study from the technique of comparative weighings permitted a better evaluation of relative surfaces: anisotropic structures covered 3.8% of the whole crystallized surface in preparations showing intermediate anisotropy (grade 2), whereas they represented >9.3% in preparations that were intensively anisotropic (grade 3).
Crystalline structures on the whole filled >81% of the total surface covered by the mucus droplet before its dehydration. Proper dendritic formations, mainly composed of isotropic NaCl, constituted the main component of crystallized material (92.2%).
Regardless of the form in which they appeared, as isolated spherulites, or villous protrusions or small groups of crystals lying on the dendritic surface, anisotropic elements on the whole constituted only a small portion of the total crystallized structures (7.8% on average). Their surface, maximum between the 13th and 17th day on average, appeared to be dependent on the sampling period (Chrétien and Berthou, 1989) . In our study, though all samples were obtained within that period, four out of 15 exhibited only intermediate intensities of anisotropy. That discordance has to be taken into consideration when appraising those surfaces showing mean anisotropy. It seems therefore suitable to consider values specific of a certain class of anisotropic intensity, rather than a global mean value evaluated from the whole period of anisotropy. For example, taking into account samples with maximum activity will raise the mean percentage of anisotropic surfaces to 8.5, whereas that percentage falls to 3.8 when calculated from only those samples showing intermediate anisotropic intensity.
Persistency of isotropic and anisotropic formations
Obviously, isotropic dendritic structures are solid materials. These potentially everlasting formations may remain undamaged as long as they are protected from excessive humidity. Without this precaution, dendritic extremities become more and more blunted, until the dendrites finally disappear.
Experiments using successive desiccations permitted us to investigate this question thoroughly. Surprisingly, anisotropy may persist after several successive dissolutions followed by recrystallization. However, this physical phenomenon became progressively weaker as specimens were subjected to successive tests of crystallization, being no longer detectable after the fifth one. In our experiments, the decline of anisotropic intensity was apparent as soon as the second crystallization in one-third of the samples, and 6.7% of samples appeared and remained definitely isotropic after the second crystallization test had been performed. Almost 87% samples became amorphous and only 13% were still anisotropic after three consecutive crystallizations. Only two out of 15 (6.7%) exhibited a very weak activity after the fourth cycle of crystallization. All specimens appeared fully isotropic after further crystallization. The loss of anisotropy seemed to be irreversible and the material became definitively amorphous.
In contrast with anisotropic formations, isotropic ferning structures did not exhibit obvious changes and remained almost unchanged after several successive crystallizations. The only visible variations concerned atypical formations such as flattened edges or the extra thickness of some sparse dendritic extremities. These anomalies, which occurred in only one-third of the preparations, did not appear before the third crystallization.
As compared with dried mucus preparations receiving a water amount similar to the volume of the fresh droplet, no significant alteration of the crystallographic pattern was observed when a double amount of water was added. On reflection, this crystallographic fixity is not to be wondered at since, though we succeeded in doing it, redissolving a crystallized solution in its original volume of water is Figure 2 . Some aspects of KCl crystals. (a) Detail of the uneven surface of a KCl crystal, magnification ×1440; (b) three large isolated KCl crystals excluded from overlapping NaCl crystals at the apex of dendritic arms, magnification ×360; (c) detail at a higher magnification of a KCl monocrystal in process of dislocation as a consequence of some surface tension force applied to the mucin layer, magnification ×720; (d) a well-formed three-dimensional KCl isotropic crystal showing dislocated growth layers, magnification ×1500. difficult to achieve. Conspicuously, in the case of mid-cycle cervical mucus, doubling the water amount could not have biased the results.
Crystallographic analysis
Morphology, structure and crystalline characteristics It has to be kept in mind that the period of maximum anisotropy, lasting only between 48 and 60 h, is notably shorter than the period of maximum isotropic ferning (Figure 1 ). For the most part, crystals appearing in dried ovulatory cervical mucus have crystallized in cubic form. The crystallographic analysis clearly shows that crystals constitutive of the dendrites consist of a mixture of NaCl and KCl in which NaCl is the main component. KCl crystals are observed at the extremity of dendritic arms (Figure 2a,b,c) or isolated within interdendritic intervals (Figure 2d ). In addition to their greater size and peculiar forms or arrangements, both dendritic and isolated cubic crystals are inactive in polarized light.
Anisotropic polycrystalline structures and isolated crystals, with a mean dimension of approximately 25 and 7 µm respectively, are much smaller, more dispersed and much less abundant. In contrast with isotropic crystals, they are easily distinguishable under polarized light ( Figure 3a,b) . However, their characteristics and also the fact that polarizing microscopy is not a current technique for biologists and physicians, may partially explain why they remained undetected until recently. Under normal polarizing microscopes, anisotropic structures often appear either as spherical illuminated spots located between the arms of the so-called fern-like structures, on the dorsal backbone and at the extremities of main or secondary dendrites as irregular shaped islets embedded within the mucoid amorphous matrix, or in the form of a bright ribbon lining dendritic apices.
These locations are presumably the result of the phenomenon of segregation occurring during the dehydration phase. Owing to the greater thickness of the water layer, evaporation occurs more slowly in the central part of the mucus droplet where NaCl concentrates progressively. Consequently, it produces large and well-formed crystals organized in the classical flat tile manner. Conversely, the other salts are less abundant and often sequestrated at the periphery of the droplet where the water layer is thinner. They crystallize more rapidly, thus producing a number of very tiny crystals. This phenomenon of segregation, based on physical constraints, is not specific to some of the minerals present in the secretion: red blood cells as well as desquamated cells are also excluded from the centre and sequestrated to the periphery of any dried mucoid secretion.
Anisotropic structures deserve to be analysed precisely with the help of the very high magnifications possible with SEM. Dendrite-bound and isolated spherulites appear as polycrystalline aggregates composed of numerous individual prisms grouped together to form clusters or bundles of minute elongated crystals (Figure 4a) . Occasionally, the prisms may be somewhat larger and arranged in an organ-like manner. In that case, they often present a well-developed face at their upper extremity (Figure 4b ). Villous protrusions (VP) represent another type of crystalline structure in which each spicule-like formation (SLF) is an individual slender crystal. SLF may lie on the VP surface or gather together to form sea-urchin-like aggregates (Figure 4f ). More often, isolated anisotropic crystals are very well-formed. They may exhibit different shapes. Usually, they are thick and tabular with a trigonal development (Figure 4c ). Sometimes, they show distorted orthorhombic shapes and may be grouped in small aggregates. Located mainly on the surface of villous protrusions (Figure 4c,f) , they are also observed at the vicinity of some dendrite-bound spherulites (Figure 4d ,e).
Chemical nature of anisotropic crystals
It was of great interest to determine the chemical composition of the various forms of anisotropic crystal. A total of 262 measurements were made from 29 different preparations. They revealed first the mineral nature of anisotropic structures, whatever the pattern they exhibited, and secondly permitted the demonstration that each anisotropic crystal consisted of a mixture of Na and K sulphates. From a great number of measurements, it was concluded that a constant ratio seems to exist between the constitutive cations of the crystals. Typically, the ratio of K and Na was found to be 3 to 1 each time the measurement was performed under the best analytical conditions.
Qualitative analysis
A qualitative analysis was undertaken of anisotropic crystals or structures selected from the observation screen connected to the microprobe. The analysis permitted determination of the relative proportions of the constitutive elements in the form of distribution curves. Roughly, four types of graph were obtained.
Type 1
When the electron probe was pointed at a large and well-formed NaCl cubic crystal, the graph exhibited only two unequal peaks, corresponding to Na and Cl. That type of curve is indicative of a clear analysis: obviously, the analysed material consisted of a quasi-pure NaCl monocrystal (Figure 5a ). Very often, in addition to Na and Cl peaks, the curve showed a third peak of small amplitude.
In that case, the analysed material was an NaCl crystal containing traces of K (1-2%).
Type 2
The curve typical of quasi-pure KCl monocrystals also exhibited two characteristics peaks. However, it cannot be confused with that typical of NaCl since the peaks, which are closer together and more similar in size, are shifted to the right (Figure 5b ).
Type 3
Unlike NaCl and KCl crystals, which were large and compact enough to permit measurements under favourable conditions, anisotropic formations such as spherulites, islets and villous formations were difficult to analyse. In the best cases, for example outsized isolated monocrystals or polycrystalline structures being analysed by chance at right angles in a flat sector, the graphs obtained could be considered typical of a complex double sulphate since the distribution curves exhibit three significant peaks corresponding to Na, K and S (Figure 5c ). Most commonly, it was not possible to study pure material. In those cases, the graph revealed a complex association of Na, K, S and Cl (Figure 5d ).
Quantitative analysis
The main advantage of the microprobe technique is to yield quantitative data on the various elements present in a heterogeneous material. In this study, only structures showing three peaks corresponding to Na, K and S were analysed quantitatively. A total of 262 measurements permitted definition of four different distinctive cases, illustrated in Table I . As shown in Table I , first and second columns, isolated monocrystals never appeared to be absolutely pure. The first column in Table I relates to well-formed monocrystals of NaCl containing traces of S and Cl. Table I , second column, gives data for an apparently perfect and pure KCl monocrystal. However, that crystal contains traces of S as well as a noticeable amount of Na (1.8%). Table I , third column, represents isolated spherulites composed only of Na and K sulphates, the most common case. Some isolated spherulites appear to be composed of a mixture of Na and K sulphates and chlorides (Table I, fourth column) .
In order to demonstrate the difficulty of achieving a precise analysis of anisotropic structures, we have selected two typical preparations presenting numerous anisotropic formations easy to locate within interdendritic arms. In the best one, 80% of the analysed structures were true Na and K sulphates, with a lower closure of ~60% (Table IIA) . In the second one, corresponding to a more frequent case, structures consisting of a mixture of sulphates and chlorides were less common (31%) and the lack of detection of Na and K sulphates appeared far more important (Table IIB) .
Discussion
Each mucus sample used in this study exhibited physicochemical properties fully conforming to those specific for the ovulatory period. Inasmuch as samples that were obtained without hormonal monitoring showed no significant difference compared with ovulatory specimens ascertained by LH surge, the described anisotropic crystalline structures can be regarded as a normal feature of dried samples of cervical mucus obtained during the peri-ovulatory period. It is clear that the period of maximum anisotropy coincides with that of maximum sperm penetrability.
Fundamentally, crystallized structures appearing in mucus preparations may be considered to be an artefact. Actually, under physiological conditions, ions are present in the form of inorganic salts in solution within the aqueous phase of the mucus hydrogel, and crystalline genesis implies a change of the physical condition. However, it is a patent fact of crystallography that crystallographic analysis of a dried biological secretion gives valuable information on its native ionic composition.
First of all, the possibility that the described anisotropic microstructures were the result of bacterial contamination during the drying process must be ruled out. In no case could these structures be generated by an accidental bacterial overgrowth. In our experiments, dehydration of mucus samples was achieved in not much more than 1 h. In such a short space of time at room temperature, bacteria are unable to proliferate sufficiently rapidly and can intervene in the crystallization process only as nuclei. As soon as dehydration is accomplished, the lack of water will not permit further crystalline growth.
Comparing dried preparations of cervical mucus sampled during the period of maximum ferning on the basis of ferning pattern alone is not reliable. Presumably, this is a consequence not only of unintentional variations in the dehydration procedure but also of difficulties in obtaining homogeneous mucus specimens. Actually, cervical mucus oozing from the external os is a mixture of various mucoid fractions (Odeblad, 1969) . When isolated, each fraction exhibits different biological characteristics and crystallographic pattern after drying. The use of polarizing microscopy together with normal light microscopy may be useful to overcome these difficulties.
Our investigation represents a basic study of rarely seen, tiny and transient structures. It required expensive techniques and a long time to examine each mucus sample. In addition to these technical drawbacks, variations both in localization and crystalline features were frequent and no sample could be compared to any other.
The various anisotropic microcrystalline structures revealed themselves to be more fragile and highly transient. Some recent experiments confirm fully our earlier observations (Chrétien and Berthou, 1989 ): insensitive to low or high temperatures but highly hygroscopic, anisotropic formations lose their activity in the light in less than a week when stored in open air at room temperature. They must be kept in sealed flasks containing a desiccation in order to preserve anisotropy. When such precautions are taken, anisotropic structures appear capable of retaining their activity in the light indefinitely. Without exception, all samples prepared for a previous study and kept in a sealed glass flask remained anisotropic after 5 years.
Given the technical difficulties and high degree of variability, no statistical analysis was performed. Anyhow, inevitably incoherent, such an analysis would be uninteresting from a practical point of view.
The presence of crystallized sulphates in dried preparations is not surprising, since sulphated mucins are constitutive elements of the solid phase of cervical mucus. Many years ago, the uptake of 35 S-labelled sulphate by cervical glands of the guinea pig, rabbit and human suggested that cervical mucus contained a sulphated acid mucopolysaccharide (Gothié et al., 1964; Zacchariae, 1959) . It was postulated that the labelled sulphate was attached to the epithelial glycoproteins rather than secreted in mucus.
There is, now, unequivocal evidence that the framework of the mucus hydrogel consists of a fibrillar system of long thread-like glycoproteins with a high degree of branching (Odeblad, 1968; Chrétien et al., 1973) . Lateral heterosaccharide chains are attached to long polypeptide chains via O-seryl and O-threonyl glycosidic linkages. Innumerable disulphide bonds strengthen and stabilize the fibrillar connections, thus securing the cohesiveness of the whole hydrogel (Gibbons and Mattner, 1967; Gibbons, 1969; Moghissi and Syner, 1970) . Cyclic changes in mucus consistency can be related primarily to differences in the degree of cross-linking. Under the increased influence of progesterone, the more highly cross-linked mucus of the luteal type, which is hostile to spermatozoa, is associated with less water for a given amount of dry matter than the thinner ovulatory secretion that allows easy sperm entry. Oestrogen dominance was presumed to increase the concentration of sulphur ions in ovulatory cervical mucus (Séguy and Hervé, 1964) .
The presence in native ovulatory mucus of sulphate ions able to crystallize after drying could be necessary to permit normal sperm metabolism in vivo. However, this possibility remains hypothetical since, despite many reports, there is no unequivocal evidence that any component of the cervical secretion is of crucial importance in prolonging sperm survival within the cervix significantly. In our opinion, more probably, the presence of double Na and K sulphates in native peri-ovulatory mucus could correspond to those sulphur ions which do not intervene in the fibrillar cohesion during the period of a reduced degree of cross-linking.
Since anisotropic crystalline microstructures represent almost 8% of the whole crystallized surface, it is surprising that these formations remained undescribed until recently. However, one has to remember that most anisotropic structures, located either centrally, apically or at the peripheral border, are an integral part of the dendritic formations whereas, owing to their very small dimensions, isolated spherulites can easily be mistaken for packs of cells.
Both mean water percentage and pH value of experimental mucus samples agreed with standard data (Bergman, 1950; MacDonald and Lumley, 1970) . However, the mean spinbarkeit value appeared to be significantly lower than that published previously for ovulatory cervical mucus (Chrétien et al., 1979) . That difference must be ascribed to the fact that measurements were carried out using a very small volume, and the mean value obtained in this study may therefore be deemed fully physiological.
Although sampled during the period of theoretical maximum anisotropy, almost 27% samples revealed only intermediate anisotropy. The question arises, therefore, as to whether these specimens can be regarded as normal and fully representative of true ovulatory cervical mucus. However, two samples out of four were obtained on the 13th day of long cycles (32 and 33 days respectively) and a third one was sampled on the 14th day of a short cycle (26 days). The discordance between theoretical and real anisotropy may therefore be deemed to be within the physiological range of variation. Actually, it has been shown that the beginning of the period of maximum anisotropy can be delayed until after the 14th day both in long and short cycles (Chretien and Berthou, 1989) .
Owing to their very small dimension and complex composition, the use of classical X-ray diffraction techniques was not suitable for the study of the various anisotropic formations. Indeed, it is generally admitted that the minimum size of the crystals to be studied by this technique must not be <0.2 µm. On the other hand, the electron microprobe was a priori a good instrument to determine their chemical nature. However, the scarcity and small size of the crystals render their analysis somewhat difficult. Moreover, their complex structure as well as their irregular surface and the very small dimension of their constitutive elements rarely permitted the beam of the probe to be pointed at a suitable flat surface. Measurements were therefore difficult to perform and results sometimes unclear.
Na and K associated to sulphate ions were found to constitute double salts in dehydrated ovulatory mucus.
More probably, the final production of sulphates occurs as a consequence of the decomposition of some complex organic structures during the drying process, followed by the reorganization of their constitutive elements.
Statistically, a ratio of 3 to 1 seems to characterize the respective amounts of K and Na in sulphate crystals. However, this ratio may vary from 1/1 to 4/1 and, in some cases, even be reversed. In a precise zone selected under the microscope, in which all anisotropic spherulites were grouped and seemed to be roughly similar, large discrepancies could be observed among the measurements obtained. We decided therefore to eliminate the spherulites that were smaller than the section of the probe beam. Actually, these spherulites did not permit reliable measurements since the protein film burned immediately under the impact of the beam. In that case, the graph showed a significant peak, specific of silicon included in the glass slide bearing the preparation.
Sometimes, owing to their surface roughness, even apparently perfect spherulites of adequate size and thickness did not permit clear and reliable measurements to be made. Actually, dried mucus preparations did not appear ideal for microprobe measurements which require a plane surface. A simple polishing would permit the smoothing of the surface of solid materials such as minerals, but desiccated mucoid preparations are too fragile to endure such a treatment without being destroyed and must therefore be studied without any previous polishing. Consequently, we decided to ignore the results obtained from NaCl or KCl monocrystals presenting apparently no ideal size and shape or giving an univocal graph each time the diffraction beam detected <50%. Figure 2d can be considered to be a good example of a typical isolated KCl crystal showing an excessive lack of closure. Obviously, it was so rough and craggy that the diffracted beam deviated from its normal direction.
Measurements must therefore be carried out on multiple targets in the same preparation. When, by chance, isolated NaCl and KCl crystals exhibited adequate size and thickness and the diffracted beam was not deviated, detection may reach nearly 95%. On the other hand, one has to be very cautious when dealing with small, dispersed and poorly formed crystals, which are known to be frequent in sulphates. Consequently, we always began by measuring an isolated NaCl or KCl crystal that was as suitable as possible. However, even in that case, it was impossible to obtain the expected 100% detection for the above-mentioned reasons. In order to rely on our results, the analysis of sulphate structures was performed only when detection was >90%.
Maximum detection rates were normally obtained from single NaCl and KCl crystals as a consequence of their flat surface and structural organization. Being composed of aggregates with intricate faces and craggy surfaces, polycrystalline structures logically exhibit fewer closures.
In mineralogy, the aphtitalite series is a well-known family of sulphates. The composition of aphtitalites may vary from K 3 Na(SO 4 ) 2 to KNa 3 (SO 4 ) 2 , the first formula corresponding to a variety known as 'glaserite'. Glaserite might constitute the main part of anisotropic structures, such as spicule-like formations and isolated spherulites, since the ratio 3 K to 1 Na was the most frequent in the preparation observed in this study. However, the presence of other types of aphtitalite in ovulatory mucus remains possible since ratios varying from 3/1 to 1/1 have often been obtained.
Chlorides and sulphates analysed in this study constitute nearly 100% of the total crystallized structures of dried cervical mucus. Our attempts to detect other salts remained unsuccessful. If these salts exist, their analysis would have no practical value within the narrow limits of clinical examination.
Considered since the 1950s to be a main element of basic clinical examination, the observed crystallization of dried ovulatory cervical mucus elicited general satisfaction with regard to its correlation with oestrogenic dominance and its practicality (Roland, 1958) . In spite of some attempts at quantification (McDonald, 1969; Kesseru, 1972; Zaneveld et al., 1977) , the determination of ovulation from a specific crystallographic pattern using Papanicolaou's test remains Utopian. Our investigation revealed that, during the ovulatory period, the ionic balance undergoes greater variations than generally admitted. Shorter than the period of full dendritic development and corresponding to the period of maximum sperm receptivity, the period of maximum anisotropy might be considered to be a useful index of the ability of cervical mucus to play its major physiological roles. It could therefore render the rapid checking of mucus normality more accurate.
